Summary Drosera spathulata complex, which consists of diploid, tetraploid and hexaploid populations, is widely but disjunctively distributed from eastern part of Australia throughout the South East Asian countries, to Japan. Among these populations, high morphological changing has been found in this species. To investigate intraspecific DNA polymorphism, and to infer the polyploid origin, some populations and cultivars of the Drosera spathulata complex and close related species were investigated using molecular cluster analysis with nucleotide sequences of the large subunit of ribulose-1,5-bisphosphate carboxylase (rbcL), and the internal transcribed spacer (ITS) of 18S-26S nuclear rDNA sequences (ITS). The rbcL analysis to estimate the species as maternal inheritance revealed that the highest similarity to the hexaploid sequence was found in that of the tetraploid. In contrast, the nuclear rDNA analysis clarified that the hexaploid had two types of ITS sequences: One type of the sequence showed the highest sequence similarity to ITS in D. rotundifolia L. genome, while another type of sequence showed the highest sequence similarity to ITS in the tetraploid D. spathulata Labill. genome. These results suggested that the hexaploid genome could be derived from amphiploidizaion between ancestor species of D. rotundifolia as paternal genome, and the tetraploid D. spathulata as maternal genome.
Polyploidization, the addition of entire chromosome sets of genomes, is a well-known organismal process. In plant, approximately 70% of angiosperm species have polyploid origin (Masterson 1994) , leading to the considerations that polyploidy plays an ubiquitous role in the plant evolution (Levy and Feldman 2002) , and is a significant mode of species formation (Leitch and Bennett 1998, Soltis and Soltis 2000) . Over the last couple of decades, many botanical studies on this subject have attracted a lot of attention (Widmer and Baltisberger 1999) , and have brought out valuable insights and new perspectives for adaptation and speciation (Wendel 2000) . Polyploid plant species are typically sympatric with widely distributed diploid relatives (Stebbins 1971 , Levin 1983 , Widmer and Baltisberger 1999 , and are mostly polyphyletic with more than one independently evolutional origin (Soltis et al. 1992, Soltis and Soltis 2000) . Allopolyploidy, compared with autopolyploidy, is especially important mechanism for new species formation and great diversity in plant (Grant 1981, Leitch and Bennett 1998) .
In the recent decade, molecular markers have proven to be powerful research tools for helping to identify progenitor species of allopolyploid taxa (Widmer and Baltisberger 1999) , assessing genetic variation between plant populations (Osman et al. 2003) and within both progenitors of the polyploids (Widmer and Baltisberger 1999) , and estimating the origin and evolution of polyploid species (Leitch and Bennett 1998) . Nuclear genetic variation is often assessed through allozyme electrophoresis, Randomly Amplified Polymorphic DNA (RAPD) analysis, and nucleotide sequencing (Widmer and Baltisberger 1999) . Especially, DNA sequencing data of chloroplast DNA (cpDNA) and ribosomal RNA genes (rDNA) has been used to discuss the plant evolution with polyploid and hybrid origin, because these two sequences show differental modes of inheritance (Soltis et al. 1992) . Chloroplast DNA is uniparental, and is maternally inherited in most angiosperms, while intranuclear ribosomal DNA (rDNA) is biparentally inherited (Soltis et al. 1992; Testolin and Cipriani 1997) . Concerted evolution is inferred to homogenize repeat sequence such as rDNA (Zimmer et al. 1980) . Although additivity of parental rDNA in some allopolyploid plant species has been described (Soltis et al. 1992) , the rDNA in hybrid often takes a process of inter-genic sequence homogenization (Álvarez and Wendel 2003) . As a consequence of the homogenization, one parental rDNA type from the hybrid genome is effectively removed (Wendel et al. 1995) . The evolutional direction or detemination of the rDNA repeat types in allopolyploid species, however, has not been resolved.
Drosera species with the basic chromosome number of xϭ10 belongs to series Drosera of section Drosera in subgenus Drosera (formerly series Eurossolis of section Rossolis in subgenus Rorella) (Diels 1906) . The five species, Drosera anglica Huds., D. capillaris Poir., D. filiformis Raf., D. intermedia Hayne. and D. rotundifolia L. were widely-distributed species as Northern Hemisphere group of series Drosera. These species, excepting D. filiformis, has obovate-or spathulate-shaped leaves as morphologically notable character, and had middle size of metaphase chromosomes (from 2 to 5 mm) as karyomorphologically remarkable character (Hoshi and Kondo 1998) . In contrast, D. spathulata complex, which is taxonomically same to the Northern Hemisphere group, distributed from eastern part of Australia throughout the South East Asian countries, to Japan. Diploid and tetraploid plants of the D. spathulata complex had spatulate leaves shape, and small size of metaphase chromosomes (approximately 1 mm). On the other hand, the hexaploid in D. spathulata complex shows intermediate leaf type between obovate and spathulate shapes. Moreover, the hexaploid has diploidal number of the middle-sized chromosomes and tetraploidal number of the small-sized chromosomes. Although cytogenetical investigation gives no doubt about hybrid origin of the hexaploid, a putative parental species is still not clear. The hexaploid, which is called D. spathulata 'Kansai type' or D. tokaiensis (Komiya and C. Shibata) T. Nakamura and Ueda published as new species (Nakano et al. 2004) have long been considered hybrid origin between a Northern Hemisphere species and the tetraploid D. spathulata.
Drosera spathulata complex consists of diploid, tetraploid and hexaploid populations. Among these populations, high plant diversity with morphological changing has been found in this species. The hexaploid species is found on the Pacific side from west to central parts of Honshu in Japan, and was first described in Kondo (1966) . In Japan, there are two morphological types of D. spathulata complex that are geographically isolated from each other: the one mainly growing on the eastern Pacific coast of Honshu is called the 'Kanto-type', and the other from the western to the central Pacific coast is known as the 'Kansai-type' or D. spathulata ssp. tokaiensis (Nakamura and Ueda 1991). After morphological and cytogenetical investigations, suggested that the 'Kansai-type' was the allopolyploid (2nϭ60 hexaploid) with hybrid origin between the 'Kanto-type' (2nϭ40) and D. rotundifolia (2nϭ20). Hoshi et al. (1994) supported the Kondo's hypothesis on hybrid-origined hexaploid, and speculated that the D. tokaiensis included the genome of D. rotundifolia or highly homologous genome to it. There are several closely related species to D. rotundifolia in the Northern Hemisphere. Hoshi and Kondo (1998) Heitz (1926) and chromosome number was 2nϭ72. Next, Behre (1929) gave octoploidal number of 2nϭ80 for the cultivated species. Kress (1970) was the first to state that the cultivated D. spathulata, which has 80 somatic chromosomes, should be placed in D. aliciae Hamet. Rattenbury (1957) found diploidal chromosome number of 2nϭ20 in New Zealand population. Kobayashi (1950) counted 2nϭ50 and nϭ10 IV ϩ10 I in Japanese population. Kondo (1966 Kondo ( , 1969 reported the hexaploid population (2nϭ60) on Aichi prefecture in Japan, and the tetraploid population (2nϭ40) in Australian species. Nakamura and Ueda (1991) described that D. spathulata ssp. tokaiensis (the D. tokaiensis) was recognized as a distinct species, and thus they proposed to rename D. tokaiensis as a separate species instead of a subspecies.
To infer the polyploid origin, some populations and cultivars of the Drosera spathulata complex and close related species were investigated using molecular cluster analysis with nucleotide sequences of the large subunit of ribulose-1,5-bisphosphate carboxylase (rbcL), and the internal transcribed spacer (ITS) of 18S-26S nuclear rDNA sequences (ITS). Moreover, karyomorphological research was performed to clarify the relationship between molecular phylogeny and chromosomal evolution in this complex.
Materials and methods

Plant materials and DNA isolation
Leaf materials of taxa collected preferentially in their natural habitats, or otherwise obtained from tissue culture and cultivation (Table 1 gel or from in vitro germinated-seedling plant by the method of Hoshi et al. (1994) . The samples were ground into powder with liquid nitrogen and homogenized in the buffer containing 0.1 M TrisHCl (pH 8.0), 20 mM EDTA (pH 8.0), 1.4 M NaCl, 2% cetyltrimethylammonium bromide and 0.5% mercaptoethanol. The homogenate was extracted three times with an equal volume of chloroform-isoamyl alcohol (24 : 1) for 15 min each and the DNA was precipitated with an equal volume of isopropyl alcohol at room temperature. The DNA was treated with DNase-free RNase A (0.2 mg ml
Ϫ1
) at 37°C for one hour followed by extractions with phenol-chloroform and chloroform.
PCR amplification and sequencing
Three overlapping fragments, which cover most of the rbcL gene, were amplified by the polymerase chain reaction (PCR). The primers for the amplification followed Hasebe et al. (1994) . Nu- clear rDNA gene spacers ITS I and ITS II were amplified by PCR using the primers Y4, Y5, 5S-1, and 5S-2 (Fig. 2) . The sequences of the ITS I primers were as followed: Y5 (5Ј-TAGAGGAAGGA-GAAGTCGTAACAA-3Ј) and 5S-2 (5Ј-CGGGATTCTGCAATTCACA-3Ј). The ITS II region was amplified using Y4 (5Ј-CCCGCCTGACCTGGGGTCGC-3Ј) and 5S-1 (5Ј-GATATCTCG-GCTCTCGCATC-3Ј). The thermocycling profile consisted of an initial denaturation step at 94°C for 2 min, followed by 30 cycles with 10 s at 94°C, 30 s at 53°C, and 80 s at 72°C. To investigate an intra-individual ITS sequence variation, corresponding PCR products (primers 'ITS4' and 'ITS5') of Drosera anglica, D. intermedia and D. tokaiensis were cloned. PCR products were purified with the QIAquick PCR purification kit (QIAGEN) and subsequently cloned in pGEM-T EASY (Promega) Vector by the TA cloning procedure.
Purified DNA was sequenced in both directions using an ABI PRISM 310 Genetic Analyzer (Applied Biosystems, Foster City, California, USA) with a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems).
Cluster analyses rbcL sequences of Drosera rotundifolia
tokaiensis H (6x) (AB355697), and D. tokaiensis Shizuoka (6x) (AB355698) were collected from DNA Data Bank of Japan (DDBJ) (Rivadavia et al. 2003) .
The nucleotide sequences were aligned using Clustal W version 1.8 (Thompson et al. 1994) , and then insertions/deletions (indels) were removed manually. Cluster analyses were conducted using parsimony method. To search for the most-parsimonious (MP) tree, PAUP* version 4.0b4a (Swofford 2000) was used with the heuristic search option, saving all minimal length trees (MUL-PARS on), tree bisection-reconstruction (TBR) branch-swapping, and 1,000 replicates of random taxon addition. Characters were equally weighted. Bootstrap (Felsenstein 1985) was used to obtain a measure of support for each branch. One thousands bootstrap replications were carried out using "Fast" stepwise addition. Drosera capillaris, D. filiformis and D. intermedia were selected as outgroup of the tree, because these species were considered distantly related based on morphological characters, and do not distribute in Japan. Cytology DNA base specific fluorescent bandings with chromomycin A 3 (CMA) and 4Ј, 6-diamidino-2-phenylindole (DAPI) were used to provide more detailed and critical chromosome data for phylogenetic relationships. Fresh and healthy root tips were collected and pretreated with 0.002 M hydroxyquinoline for two hours at 18°C before fixation with 45% acetic acid for five minutes. Then, these were hydrolyzed in a mixture of 1 N hydrochloric acid and 45% acetic acid (2 : 1) at 60°C for seven seconds. Root meristems were cut and squashed in 45% acetic acid. The preparations were air-dried for 24 h at room temperature after removal of coverslips with dry ice. After removing coverslip, they were stained with CMA or DAPI in McIlvaine's buffer for ten minutes. Then, they were mounted in glycerine and observed. All Drosera chromosomes at mitotic metaphase could not be classified by the method using localized-centromeric position, since they do not show clear centromere position and/or primary constriction (Kondo 1976 , Kondo and Lavarack 1984 , Kondo and 2008 319 rDNA in polyploids of Drosera spathulata complex intermedia, due to of the ambiguous sequenced bases, we checked the sequences of the individuals of these species at least three times. After the sequencing, we recognized that the position of ambiguous DNA bases did not occurred at random. They appeared quite specific positions of the ITS sequences. Ambiguous bases of D. anglica were concentrated to the up-stream of ITS I and down-stream of ITS II. We concerned that this sequence results were due to existing more than two types of ITS sequences in the individuals. Then, PCR products of D. anglica and D. intermedia individuals were TA-cloned. Ten clones and four clones were randomly selected from D. anglica and D. intermedia, respectively. In both species, two sequence types (Types A and B) were found (Fig. 3) , and three positions with base substitutions or indels of the sequences were recognized as intraspecific nucleotide polymorphisms.
Results
ITS sequences
On the other hand, in TA cloning of D. tokaiensis PCR products, a total of twenty clones from two individuals (ten clones were from natural habitat plant in Shizuoka Prefecture, and the other ten clones were from cultivated plant) were randomly selected and sequenced. After determining the sequences, all of the cloned DNA fragments were contained partial 18S and 26S rDNA and complete ITS and 5.8S rDNA. The ITS sequences (included 5.8S rDNA) of D. tokaiensis varied in length between 687 and 700 base pairs (bp). Sixteen different types of ITS sequences were obtained from 20 TA-clones: Ten clones (Shizuoka Types 01 to 10) were from natural habitat plant in Shizuoka Prefecture, and the other six clones (H Types 01 to 06) were from cultivated plant (Fig. 3) . In these sequence types, four types (one clone was from a natural habitat plant in Shizuoka Prefecture, and the other three clones were from a cultivated plant) had the same eleven nucleotides insertion sequences (AAGATACAAGG). In contrast, D. spathulata had four sequence types with small variations were found: sequence type 1 was in strains B and C, and sequence type 2 was in Okinawa, Japan. And Sequence type 3 was in Shizuoka, Japan (Fig. 3) .
Thus, data matrix for cluster analysis was constructed by using of the complete ITS and 5. The nucleotide sequences of from down-stream of ITS I to up-stream of ITS II, including 5.8S rDNA, were used for the cluster analyses. After alignment the sequence data matrix contained 710 characters.
Of the characters, 357 (50.3%) were variable. Of those, 131 (36.7%) were substitutional mutations, 226 (63.3%) were indels. Intraspecific sequence variation was present in D. spathulata (two sequence types). They were quite highly similar DNA sequences each other (more than 99%).
cpDNA sequences
To identify maternal parent of the hexaploid species, chloroplast DNA (cpDNA) of the tetraploid and the hexaploid in the D. spathulata complex and five close-related Drosera species were sequenced. The nucleotide sequences of rbcL between base pairs 64 and 1290, numbered from the initial methionine codon of Nicotiana tabacum (Shinozaki et al. 1986 ), were aligned, and the 1227-bp region excluding insertions and deletions were combined with the previously published data of rbcL nucleotide sequences (Rivadavia et al. 2003) . Intraspecific sequence variation was not obtained. The data matrix for the nine taxa including outgroup taxa contained 40 variable sites. Fig 
Cytology
Somatic chromosomes of the investigated plants of the D. spathulata complex and its related species were observed. The results were shown in Table 1 and Figures 5-7 . The basic chromosome number of xϭ10 was directly connected to the all of Drosera species. The karyotypes included 40 small-sized chromosomes were observed in the tetraploid D. spathulata (2nϭ40ϭ40s). Twenty middle-sized chromosomes were observed in D. capillaris, D. filiformis, and D. rotundifolia (2nϭ20ϭ20m) . D. tokaiensis had 40 small-size chromosomes and 20 middle-size chromosomes (2nϭ60ϭ40sϩ20m). The largest value of average chromosome size was in D. filiformis ( Fig. 6C  and D) .
The chromosome studies using base-specific fluorochromes show that rDNA sites or NORs were observed as enhanced bands in GC-specific fluorochromes and quenched bands in AT-specific fluorochromes (Guerra 1988 , Kenton 1991 , Xu and Earle 1996 . By means of base specific chromosomal staining, a DAPI-positive (AT rich) site was observed in the middle part of each chromosome in D. filiformis (Fig. 6D) , but not D. capillaris and D. rotundifolia ( Fig. 6B and F) . In contrast, two CMA-positive (GC rich) sites were observed in rDNA positions (NOR sites) of the satellite-chromosomes in D. filiformis and the D. spathulata complex (some plant does not shown clearly) ( Fig.  7A and C, Fig. 6C ). Drosera capillaris and D. rotundifolia did not have any clear CMA-positive site ( Fig. 6A and E) . In D. tokaiensis, CMA-positive DAPI-negative satellites were detected at prophase stage (Fig. 5 . Arrows and Arrow heads). Two small-size of chromosomes show the satellites but not large chromosomes.
Discussion
The amphiploid origin of the Drosera tokaiensis
The results of this study reveal a polyploidy origin of D. tokaiensis, as referred by , Hoshi et al. (1994) , and Nakamura and Ueda (1991) , because the presence of two major types of ITS sequences in the hexaploid is not agreement with an autopolyploid origin. Highly similar rDNA sequences of D. rotundifolia exist in those of D. tokaiensis, but not the tetraploid D. spathulata. However, D. rotundifolia can be excluded as the maternal progenitor because cpDNA sequences of this species are showed low homologous value to D. tokaiensis. The sequence data of cpDNA is a powerful tool for the identification of polyploidy origin because the inheritance of chloroplast genes is maternal. The tree topology obtained from cpDNA (Fig. 4) indicates that the chloroplast genome of D. tokaiensis and the tetraploid D. spathulata have a common ancestor. In contrast to gene in chloroplast, nuclear inheritance covered biparental or uniparental lineage. The analysis of ITS sequences provides strong evidence of the tetraploid D. spathulata as the parental species for the existence of two ITS types found in D. tokaiensis, and one is almost same as the tetraploid. Obviously, in view of this conclusion D. tokaiensis is allopolyploid whose paternal ancestor is D. rotundifolia lineage and whose maternal ancestor is the tetraploid D. spathulata lineage.
It is easily predicted that the allopolyploid has multimodal ITS sequence, and it can be found at frequently (for a review see Rieseberg and Brunsfeld 1992) . Although it have been known that bidirectional interlocus concerted evolution may effectively remove one of the parental rDNA repeats from the hybrid genome, the temporal and evolutionary process for bidirectional interlocus concerted evolution is still unresolved and uncomprehended understood (Wendel et al. 1995 , Widmer and Baltisberger 1999 , Álvarez and Wendel 2003 . This phenomenon indicates that many sexual generations were required to complete the homogenizing of ITS sequences via bi-directional interlocus concerted evolution (Wendel et al. 1995) . Anyway, we can presume that D. tokaiensis is a relatively recent origin of the species because the presence of bimodal ITS sequence in D. tokaiensis.
Intraspecific divergence of the tetraploid Drosera spathulata
Intraspecific ITS sequence divergence was also found among the tetraploid D. spathulata taxa. This small genetic diversity seems to be due to a consequence of concerted evolution between multiple rDNA arrays following polyploidization. In contrast to ITS, any intraspecific cpDNA sequence divergence was not found in all of D. spathulata taxa. Moreover, the cpDNA data per se provide conclusive evidence about the maternal progenitor of D. tokaiensis. Recently, Álvarez and Wendel (2003) surveyed plant phylogenetic data (more than 240 papers) during the last five years. The search results showed that ITS data yield lower CI and RI values than other loci, indicating a higher level of homoplasy than obtained with other markers. Comparative analysis of ITS and cpDNA sequences also suggest that incongruence might reflect the differences between uniparental origin of cpDNA and the biparental origin of ITS, differential rates of evolution, ITS homoplasy, or other factors.
Molecular and cytogenetical evidences of the D. spathulata complex
A chromosome doubling event in the D. spathulata complex is expected not only in the hexaploid, but also the tetraploid. Rattenbury (1957) observed the somatic chromosome number of 2nϭ20 in D. spathulata in a New Zealand population, while observed a somatic chromosome number of 2nϭ40 in the same species in an Australian population. Migration trend of the D. spathulata complex was speculated by that the tetraploid D. spathulata seemed to be originated from the diploid D. spathulata in New Zealand and might be shown the northward distribution.
The karyotype formula of D. spathulate with the chromosome number of 2nϭ40 suggested a possibilities of polyploidization from the diploid species with the basic chromosome number of xϭ10, because average chromosome size of these species were as small as those of the diploid D. spathulata (Hoshi and Kondo 1998) . But it is still not clear that whether these species are the autopolyploids or allopolyploids. We are expecting the further molecular cluster analysis using single copy genes to clarify the origins. In the species similar to the tetraploid D. spathulata karyotype, the most of species are distributed in South America and South Africa. They displayed the chromosome number of 2nϭ40, exhibiting two satellite-chromosomes and did not have four satellite-chromosomes in CMA-fluorescent staining (Hoshi et al. 1998) . Moreover, the meiotic configuration of 20 II has been observed (Kondo and Segawa 1988) . Thus, after the chromosomal doubling, numbers and active sites of rDNAs in the tetraploid species genomes (i.e. tetraploid D. spathulata) might be changed due to chromosome rearrangement during long history of the evolution for speciation.
Another evolutional history of the ancestral diploidal species, on the other hand, must be etched indelibly into the genomes of the diploid species such as D. rotundifolia, D. intermedia, and D. filiformis. If the species possessed small sized chromosomes (i.e. the diploid D. spathulata) is the most primitive, the genomes consisted of middle sized chromosome should be involved an amplification event with reiterated sequences into the whole chromosomes, and consequently changed into remarkably different type of the genome. Because these evolutional histories as described men-
